Screw loosening is a well-known adverse event in traditional spinal fusion instrumentation. This phenomenon may hinder segmental stability of the spine leading to bony non-union. In recent years numerous lumbar integrated fixation cages (IFC) have been introduced that offer a low profile alternative to a standard cage with an anterior plate (AP+C). The fixation approach for IFCs is different than a traditional anterior approach; therefore, it is unclear whether IFCs may loosen from the surrounding bone over time. The purpose of this study was to quantify screw loosening of IFC devices compared to AP+C implants under fatigue loading using micro-CT and image processing techniques.
Introduction
Anterior lumbar interbody fusion (ALIF) is a common spinal fusion procedure to treat degenerative disc disease, spondylolisthesis, spinal deformity, or pseudoarthrosis. 1, 2 This procedure often involves inserting an intervertebral body fusion device (cage) into the disc space and further stabilizing the motion segment with supplemental fixation such as spinal anterior plates and pedicle screws. These fixation systems have been widely used to improve fusion rates and help patients return to ambulatory status sooner. 3, 4 Although ALIF procedures have good clinical outcomes, previous studies reported screw loosening in 8-18% of patients. [5] [6] [7] [8] [9] Dynamic loading prior to fusion has been thought to cause loosening and in severe cases may lead to bony non-union.
Evaluations of loosening at the screw-bone interface have been primarily based on two-dimensional X-rays or low-dose computed tomography (CT) scans. [10] [11] [12] [13] One of the studies assessed screw loosening in human patients by qualitative observations of radiolucent zones surrounding implanted screws. 13 This study also performed pullout testing in sheep vertebrae and found that screws with radiolucent zones possessed decreased pullout forces compared to those without radiolucency. Another study assessed screw loosening using semi-quantitative scoring based on tightness of the screw in canine vertebrae during extraction. 10 The results indicated that 36% of screws were considered loose after implanted for 9 months. Other biomechanical studies provided functional measures of screw loosening such as changes in the stiffness or pullout force post-fatigue. 11, 13 Histological methods have also been used to provide an assessment of radiolucent zones and bone contact area around the screw threads. 12, 14 However, histology only allows for two-dimensional visualization and semi-quantitative measures of damage at the bone-implant interface.
Although previous studies have used semiquantitative or two-dimensional techniques to understand damage at the screw-bone interface, the use of quantitative, three-dimensional methods to investigate bone damage created at the screw-bone interface has not been reported. Micro-CT is a powerful system that can provide high resolution images to quantify changes in bone around the implant. Developing a micro-CT based method to assess whether device designs damage bone surrounding the implant may aid in reducing screw loosening observed clinically. In particular, integrated fixation cages (IFC) are different than traditional cages as fixation is typically achieved through screws inserted at different angles through the vertebral endplate. However, there is no long term data in literature documenting clinical performance of these IFC devices, particularly at the bone-implant interface where screw loosening may occur over time. Previous biomechanical studies of IFC devices have largely focused on quasi-static testing methodologies. [15] [16] [17] Fatigue testing is advantageous compared to quasi-static testing as it provides a more realistic assessment of device loosening by simulating post-operative dynamic loading. Therefore, the objective of this study was to quantify threedimensional bone damage created by spinal screws used in IFCs and anterior plates under fatigue loading.
Materials and Methods

Specimen Preparation and Mechanical Testing
Nine fresh-frozen human cadaver spines, seven male and two female (mean age: 74 ± 8 years), were procured from accredited tissue banks (National Disease Research Interchange and Maryland State Anatomy Board). Each specimen was radiographically screened to exclude osteolysis, fractures, or other abnormalities. Dual-energy X-ray absorptiometry (DEXA, Hologic, Bedford, MA, USA) was used to assess bone mineral density (BMD) for these nine specimens. Lumbar (L1-4) BMD and T-scores were 0.93 ± 0.17 g/cm 2 and -1.0 ± 1.6, respectively ( Table  1) . Post DEXA scans, specimens were sectioned into L2-3 and L4-5 functional spinal units (FSUs) and prepared for device implantations.
Anterior plate (AP) and IFC devices were designed incorporating common features of commercially available implants. Anterior plates and screws were manufactured from titanium 6Al-4V alloy and IFC devices were fabricated from PEEK-OPTIMA ® (Invibio, Lancashire, UK). This anterior plate was attached to the vertebral body using 4 bone screws, two top screws and two bottom screws ( Figure 1A ). The IFC design also used 4 bone screws to attach to the vertebral body using two medial and two lateral screws ( Figure 1B ). Screws used in both AP and IFC implants had dimensions (5.5 mm outer diameter and threaded length of 25 mm) representative of those commonly employed in both lumbar APs and IFCs.
Implantations for IFC constructs was alternated between L2-3 and L4-5 FSUs with AP+C constructs placed in the complementary FSU. Implant size for each FSU was selected based on the intervertebral disc height, lordosis, anterior-posterior, and lateral vertebral endplate measurements obtained from micro-computed tomography (micro-CT, Scanco Medical, Basserdorf, Switzerland) images and radiographs. A board certified spine surgeon performed anterior discectomy and inserted the appropriate sized cage into the disc space of FSU. Prior to insertion of screws, consistent pilot holes (3.5 mm in diameter and 18 mm in length) were drilled into the bone for both construct types. For AP+C constructs, the plate was attached to the anterior cortex of the vertebral body using bone screws. For IFC constructs, screws were inserted through the cage into the vertebral endplates. Prior to fatigue testing, flexion-extension range of motion (ROM) to +/-7.5 N-m was similar (p=0.94) between AP+C (2.5˚ ± 1.4˚) and IFC (2.6˚ ± 1.7˚) groups, providing confidence that load transfer to the fixation screws would be similar between implant groups. Implanted specimens were fatigued initially in flexion-extension (FE) loading to ±3 Nm at 1 Hz for the first 5,000 cycles and then increased to ±5 Nm until 20,000 cycles. Testing was conducted in ambient conditions with specimens wrapped in saline-soaked gauze and sprayed regularly with phosphate buffered saline to maintain specimen hydration during testing. This loading protocol is similar to previously reported studies. [18] [19] [20] [21] 
Screw loosening analysis
After fatigue testing, screws were carefully removed to prevent metal artifacts during micro-CT imaging of the FSUs. All FSUs were imaged in transverse plane at 51 µm voxel resolution (slice thickness of 51 µm), which was sufficient to quantify screw loosening created from fatigue testing. Digital Imaging and Communications in Medicine (DICOM) files obtained from micro-CT scans were imported into Mimics (Materialise, Leuven, Belgium). A global threshold was applied to segment all four screw hole regions from trabecular bone and marrow space for each FSU. After thresholding, each individual screw hole was further processed with segmentation tools (e.g. draw, erase, and local thresholding) applied to image slices in order to accurately capture the morphology of each screw hole. Finally, a 3D representation of each screw hole was created and quantified for IFC and AP+C constructs ( Figure 2 ). Initial screw hole volume (SHV) prior to fatigue testing was obtained using CAD drawings (Solidworks, Dassault Systèmes, Waltham, MA, USA). The post-fatigue SHV was then divided by the initial volume to obtain the amount of loosening (Normalized SHV) from mechanical testing. Since removal of screws post-fatigue testing may artificially increase SHV, the effects of screw insertion and removal on SHV was analyzed on a separate set of FSUs. AP+C and IFC constructs and screws were implanted and immediately removed (i.e. no fatigue testing performed). These FSUs were then imaged using micro-CT and the same image processing was conducted to quantify the impact of screw removal on calculated SHVs from fatigue samples.
Statistical Analysis
Normalized SHV for each FSU (average of all four screws) was compared between AP+C and IFC constructs using a paired t-test. 
Results
Visual inspection and tactile feel of tightness during screw removal was performed post-fatigue testing. Top and bottom AP+C screws loosened in 7/9 specimens; however, none of these screws backed out from plate ( Figure 3A) . In IFC constructs, medial screws loosened in 6/9 specimens and screw back out was observed in five of those donors ( Figure 3B) (Figure 5 ). There were no differences (p>0.888) in normalized SHVs between lateral IFC, top AP+C, and bottom AP+C screws. Screw insertion and immediate removal from cadaver specimens resulted in normalized SHVs of 1.06 ± 0.09 mm 3 /mm 3 for IFC screws and 1.07 ± 0.03 mm 3 /mm 3 for that of AP+C screws. As expected, cadavers with low BMD values had greater loosening; however, this correlation was weak (18%<R 2 <33%, p≥0.109, Figure 6 ) for both AP+C and IFC. In addition, significant correlations between BMD and IFC medial, IFC lateral, AP+C top, or AP+C bottom SHVs were not observed (p>0.183, data not shown).
Discussion
The dynamic in vivo environment presents challenges to stability of spinal constructs, particularly at the bone-implant interface where screw loosening may occur over time. Therefore, there is a need to develop methods that can assess the potential for different device designs to damage the surrounding bone. In this study, we developed a novel method that incorporated high resolution micro-CT scanning with image processing techniques to quantify damage of vertebral bone created by screws during fatigue testing. Using this technique, we compared traditional spine fixation (AP+C) to a more recent fixation approach (IFC). The results demonstrated that medial IFC screws created more damage in surrounding bone than lateral IFC and AP+C screws. Although medial IFC screws loosened more than AP+C screws, FE ROM post fatigue testing indicated that there was no difference (p=0.54) between AP+C (5.8˚ ± 3.6˚) and IFC (4.9˚ ± 2.8˚) groups. We suspect that lateral screws, which had similar loosening to AP+C screws, provided the necessary fixation strength for IFC constructs in order to maintain similar stability with AP+C constructs up to 20,000 cycles. With further fatigue testing, the lateral screws may loosen more quickly than the AP+C screws as they have to bear more of the bending moment. However, longer duration fatigue testing is needed to confirm this hypothesis.
The increased loosening of medial screws may be explained by the heterogeneity of trabecular bone within a vertebral body. Hulme and colleagues found reduced trabecular bone volume fraction, trabecular thickness, and trabecular number in center of cadaver vertebra compared to the peripheral regions. 22 In addition, these authors found that the endplate's outer ring (ring apophysis) was significantly thicker than its central region. Taken together, these data suggest that screws inserted laterally into areas of the vertebra that have thicker endplates and better trabecular microstructure may provide superior fixation than screws placed more centrally. The inherent heterogeneity in human vertebral trabecular bone and endplates should be considered when designing implants for fixation to the vertebral body.
Although the technique presented in this study provides improvements to current two-dimensional methods such as histology and radiography, there are limitations that must be considered when using this procedure to quantify damage at the bone-implant interface. In order to measure screw hole volume, we needed to remove screws to prevent metal artifacts during micro-CT scans. Removal of screws may artificially increase the hole volume. Our study found that screw removal increased hole volume less than 10% and was similar for AP+C or IFC constructs. Therefore, this technique may not provide sufficient sensitivity if attempting to detect very small changes in screw hole volume. Future studies will allow for implants to remain within the bone during micro-CT scans and investigate the ability of metal artifact reduction methods to clearly visualize the boneimplant interface. In addition, it is important to note that this method provides a measure of damage to bone surrounding the implant. Although this metric is related to loss of fixation, mechanical testing (e.g. spine range of motion) should also be performed when possible to get a functional measure of fixation strength.
Conclusions
This study found that integrated fixation cage screws created greater vertebral bone damage compared to anterior plate with standard cage screws. The use of high resolution micro-CT scanning and image processing techniques improves on existing radiographic techniques to quantitatively assess damage created from loosening of implants. This method can be used in future cadaveric studies to investigate screw performance in a variety of spinal devices.
